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Model 3
0 -azido-3 0 -deoxynucleosides with thiol or vicinal dithiol substituents at C2 0 or C5 0 were synthesized to study reactions postulated to occur during inhibition of ribonucleotide reductases by 2 0 -azido-2 0 -deoxynucleotides. Esterification of 5 0 -(tert-butyldiphenylsilyl)-3 0 -azido-3 0 -deoxyadenosine and 3 0 -azido-3 0 -deoxythymidine (AZT) with 2,3-S-isopropylidene-2,3-dimercaptopropanoic acid or N-Boc-Strityl-L-cysteine and deprotection gave 3 0 -azido-3 0 -deoxy-2 0 -O-(2,3-dimercaptopropanoyl or cysteinyl) adenosine and the 3 0 -azido-3 0 -deoxy-5 0 -O-(2,3-dimercaptopropanoyl or cysteinyl)thymidine analogs. Density functional calculations predicted that intramolecular reactions between generated thiyl radicals and an azido group on such model compounds would be exothermic by 33.6e41.2 kcal/mol and have low energy barriers of 10.4e13.5 kcal/mol. Reduction of the azido group occurred to give 3 0 -amino-3 0 -deoxythymidine, which was postulated to occur with thiyl radicals generated by treatment of 3 0 -azido-3 0 -deoxy-5 0 -O-(2,3-dimercaptopropanoyl)thymidine with 2,2 0 -azobis-(2-methyl-2-propionamidine) dihydrochloride. Gamma radiolysis of N 2 O-saturated aqueous solutions of AZT and cysteine produced 3 0 -amino-3 0 -deoxythymidine and thymine most likely by both radical and ionic processes. Ó 2012 Elsevier Ltd. All rights reserved.
Introduction
Ribonucleotide reductases (RNRs) catalyze the conversion of nucleotides to deoxynucleotides providing the monomeric precursors required for DNA replication and repair. Inhibition of RNRs disrupts this primary source of DNA components and therefore is an appealing concept for rational drug design. For example, gemcitabine (2 0 ,2 0 -difluoro-2 0 -deoxycytidine), an anticancer pro-drug in clinical use, is enzymatically phosphorylated within cells to its 5 0 -diand triphosphates. The diphosphate inactivates the R1 protein of ribonucleotide diphosphate reductase (RDPR), and the triphosphate undergoes incorporation and inhibits DNA polymerase. [1] [2] [3] [4] [5] The structure, function and mechanisms of action of RNRs have been studied in detail and the critical role of a tyrosine (Tyr122) free radical on the R2 subunit and cysteine residues (Cys439 and Cys225/ 462) on the R1 subunit have been established. Mechanism-based inhibitors of RDPR such as 2 0 -azido-2 0 -deoxyuridine-5 0 -diphosphate (A, N 3 UDP) have provided insight into the mechanism(s) of reduction of natural NDPs into dNDPs. [9] [10] [11] [12] Inhibition of RDPR by N 3 UDP is accompanied by the appearance of new EPR signals for a nitrogen-centered radical and concomitant decay of peaks for the tyrosyl radical, 9 which was the first direct evidence for free radical chemistry with RDPR. A proposed mechanism postulated azide loss (as an anion) from the initial C3 0 radical intermediate to give the ketyl radical B and subsequent reduction by proton-coupled electron transfer to generate the 2 0 -deoxy-3 0 -ketonucleotide C (Fig. 1 ). This process leaves a thiyl radical in the active site. Reaction of hydrazoic acid with the thiyl radical generates stoichiometric N 2 and a sulfinylimine radical H. The protonated azide (pK a of 4.6) was hypothesized to be essential for that mechanism. 10, 12 Conversion (B / C) is analogous to the proposed mechanism for the reduction of natural NDPs that proceeds by generation of the same 3 0 -keto-2 0 -deoxynucleotide intermediate, which makes investigation of the inhibition of RDPR by N 3 UDP even more significant. 6, 8, 13 The initial nitrogen-centered radical H reacts further with the oxygen or carbon atoms of a carbonyl group of the 3 0 -keto-2 0 -deoxynucleotide to generate radicals D or G, respectively. 11 Inactivation of the enzyme with 3 0 [ 17 O]-N 3 UDP 15 A was consistent with formation of the R-S-N -C(3 0 )-OH radical G and provided the first evidence for trapping of a 3 0 -ketonucleotide in the reduction process by a nitrogen-centered radical H. 12 Chemical requirements also favor formation of G (over D) and there is precedent in the literature for analogous addition of aminyl radicals to carbonyl 16 and imino groups. 17 The theoretical modeling study of Pereira and coworkers generated an alternative mechanistic proposal. 14 In that hypothesis, the released azide ion was proposed to add to the 2 0 -ketyl radical B first with concomitant protonation of the ketone oxygen by E441. The resulting radical E is then reduced at the 2 0 -position by Cys225 to generate the Cys225 thiyl radical F. Subsequent attack of the thiyl radical on an alkyl azide (instead of HN 3 or azide anion) would lead to the same nitrogen center radical G that was detected experimentally. 12 Addition of azide to ketones has chemical precedent, 18 but there are no model systems where azide adds to ketyl radicals. Reduction of alkyl azides with tin, 16, 19 alkoxy 20 and silyl (in the presence of thiols) [21] [22] radicals have been reported 23 but information on reactions between alkyl thiyl radicals and alkyl azides is limited. 18, [23] [24] Herein, we report synthesis of model 3 0 -azido-3 0 -deoxynucleosides bearing thiol or vicinal dithiol substituents attached at C2 0 or C5 0 and treatment of these free radical precursors in the presence of 2,2 0 -azobis-(2-methyl-2-propionamidine) dihydrochloride as a radical initiator. Theoretical simulations of intramolecular reactions between thiyl radicals and azido groups and gamma-irradiation experiments with putative alkyl thiyl radicals and azido nucleosides also are described.
Results and discussion
Synthesis
Model substrates to study intramolecular interactions of thiyl radicals and azido groups 25 were prepared from 3 0 -azido-3 0 -deoxyadenosine (1) and 3 0 -azido-3 0 -deoxythymidine (9, AZT). Thus, silylation of 1 26 with tert-butyldiphenylsilyl chloride (TBDPSCl) gave 2a (89%) (Scheme 1). Condensation of 2a and 2,3-S-isopropylidene-2,3-dimercaptopropanoic acid (synthesized from ethyl 2,3-dibromopropionate as described in SI section, Scheme S1) with EDCI as the activator in the presence of DMAP 27 afforded 3
(69%) as a 2:1 mixture of diastereomers. Removal of the isopropylidene group from 3 was ultimately achieved with a mercuric salt complex followed by treatment with hydrogen sulfide. analogues (e.g., 8), which were shown to be reactive with thiyl radicals. [30] [31] Evidence for the addition of thiyl radicals to the adenine ring is lacking, 32 although addition of HO radical at the C4 or C8 positions of the adenine ring is well documented. 33 Condensation of 2a with N-Boc-S-trityl-L-cysteine (EDCI/ DMAP) 27 afforded 6 (79%). Treatment of 6 with TFA/H 2 O 29 effectively removed the silyl and Boc protection groups to give 7 (77%) but protic acids were found to be ineffective for cleavage of a trityl thioether. 34 Treatment with Hg salts was also unsuccessful for Sdetritylation, 34 but treatment of 7 with TFA in the presence of Et 3 SiH 35 cleanly removed the S-trityl group affording 8 (79%). It is noteworthy that the azido group was not affected 36 by Et 3 SiH employed in the S-detritylation step, although reduction of an azido group to a primary amino group by the more reactive radicalbased reducing agent (Me 3 Si) 3 SiH is known. 22 Compound 8 is prone to oxidation to the disulfide and/or cleavage of the cysteinate ester bond at the 2 0 position during silica gel column purification. The thiol group in 8 could approach the azido group from the a face via an eight-membered ring, which might mimic the interaction between Cys225 of the enzyme and the azide group at C3 0 (e.g., F / G, Fig. 1 ). Analogous esterification of 3 0 -azido-3 0 -deoxythymidine (9; Scheme 2) with 2,3-S-isopropylidene-2,3-dimercaptopropanoic acid afforded 10 (90%) as a mixture of diastereomers (1.2:1), and the HgCl 2 /H 2 S-mediated deacetonization of 10 gave 11 (46%). Condensation of 9 with N-Boc-S-trityl-L-cysteine gave 12 (80%), which was treated with TFA/Et 3 SiH to remove the Boc and trityl protection groups. The resulting 13 (84%) underwent slow oxidation to the more polar (TLC) Proposed structures for the nitrogen centered radicals and pathways for their generation during inactivation of RDPR by N 3 UDP. [10] [11] [12] 14 to intermediates generated during inhibition of RNR by N 3 UDP (see Figure 1 ). Addition of thiyl radicals at C6 of pyrimidine nucleoside model substrates has been observed. 37 Analogues 21 and 26 with more stable ether linkages at C2 0 and C5 0 were also synthesized. Treatment of 9 with allyl bromide/NaH resulted in predominant formation of the 3-N-allyl relative to the 5 0 -O-allyl 39 compound.
Diazomethane converted 9 into its 3-N-methyl derivative 22 (99%; Scheme 4), which was treated with allyl bromide in the presence of C NMR and HRMS). Formation of 15 might involve radical or ionic pathways since ionized thiolates can reduce azido groups 24 and thiolates are present at pH z7 (w1e2%). 51 It is not possible to distinguish between those two pathways from our experiments, but analogous treatment of 3 0 -azido-5 0 -O-cysteinyl-3 0 -deoxythymidine (13) (lacking the vicinal dithiol moiety) produced AZT (w70-80%) without significant amounts of reduced-amino products. Analogous treatment of 3 0 -azido nucleoside 21, which has a vicinal dithiol moiety attached at C2 0 with an ether lingkage, produced a mixture of products. Laborious purification yielded an adenosine-derived product that had 1 H NMR and MS spectra consistent with a 3 0 -amino-3 0 -deoxyadenosine core (see Experimental Part). Such treatment of dithiol 26 resulted in formation of a complex mixture with TLC and spectral propeties consistent with an intact azido group in the majority of products.
Gamma-irradiation
We also employed g-radiolysis in N 2 O-saturated aqueous solutions of cysteine (CySH) and AZT to investigate alternative generation of thiyl radicals in the bulk solution. 52 , respectively (Eqs. 3 and 4). 55 The H atoms can react with CySH by two distinct pathways including hydrogen abstraction (Eq. 4) and homolytic substitution at sulfur (Eq. 5) with the preference being w4:1 in favor of hydrogen abstraction. 56 ).
53-54
Gamma irradiation of 1.0-mM AZT and 10-mM CySH in N 2 Osaturated phosphate buffer (10 mM, pH 7.0) at doses of 2, 4, and 6 kGy with a dose rate of ca. 6.5 Gy/min produced (HPLC) 3 0 -amino- . The high G value for the formation of cystine indicated that the majority of CyS radicals recombined to form the disulfide in termination steps. Even though 3 0 -NH 2 T and thymine were produced, it remained uncertain whether thiyl radicals were involved in their generation or if radical reactions caused decomposition of AZT to thymine, and ionic hydrosulfide reduced the azido group. 18, 24 Both pH-and O 2 -dependent experiments were then performed. An increase in pH from 7.0 to 9.65 (pK a 8.3 for cysteine) 52 should decrease the concentration of thiyl radicals is in favor of the disulfide radical (Eq. 7). However, the formation of both 3 0 -NH 2 T and thymine remained relatively constant indicating that the reduction of AZT to 3 0 -NH 2 T did not result from reactions with thiyl radicals or disulfide radical anions.
Irradiation of a 10% oxygenated solution of 1.0-mM AZT and 10-mM cysteine at 2 kGy dose in 10-mM phosphate buffer (pH 7.0; 9:1 N 2 O:O 2 -purged) yielded an amount of 3 0 -NH 2 T similar to the irradiation in N 2 O-saturated solution but a noticeably higher amount of thymine (See Figure S3 in SI section). The formation of thymine can be rationalized by hydrogen abstraction from the ribose ring of AZT by radicals to form sugar radicals (e.g., at C1 0 ), which then can react with O 2 to form alkyl peroxyl radicals that are known to decompose to give thymine. 60 Our findings indicated that alkyl thiyl radicals generated in bulk solution were unlikely to have reacted with AZT via intermolecular radical mechanisms under the described radiolysis conditions, and that hydrosulfide anions generated by g-irradiation of cysteine most likely reduced 18 AZT to 3 0 -NH 2 T by ionic processes. It remains possible that thiyl radicals might react (Eq. 8) with azide anion (or HN 3 ) present at the enzyme active site 12 because thiyl radicals are known 52 to form 3-electron bonds with nucleophiles.
Theoretical feasibility studies
We performed density functional calculations (B3LYP/6-31G*) 61, 62 with the GAUSSIAN 98 program package 63 for an intramolecular reaction between a thiyl radical and an azido group accompanied by N 2 elimination. The method is expected to provide a semiquantitative accuracy within 3-5 kcal/mol for the reaction energies and barrier heights. The B3LYP method has been shown to be qualitatively reliable for studies of similar thiyl radical reactions. 14, 64 Models derived by replacement of the adenine or uracil bases with an NH 2 group were used to reduce calculation times (e.g., 8 / 8 0 ; Fig. 3 ). The strategy involved: (a) finding an appropriate conformation of the open structure with a minimal S...N distance, (b) calculation of the radical structures obtained by removal of H from the S-H group, (c) searching for transition states for the ring closure, and (d) calculation of the closed-ring structures formed after elimination of N 2 . Nucleoside 8 and 13, with the cysteinate attached to C2 0 and C5 0 , respectively, were assumed to undergo ring closure reactions between the cysteine-derived thiyl radical and the azido group via 8-and 9-membered transition states, respectively. Thus, intramolecular addition of the thiyl radical in I to the azido group via an eightmembered TS would produce the transient triazenyl radical J 
, and AZT (t R ¼ 22 min). (Fig. 4) . Loss of N 2 would generate nitrogen-centered radical K, and abstraction of a hydrogen atom by K should give a cyclic sulfenamide, which might undergo ring opening to give 3 0 -amino-3 0 -deoxy products. Addition of thermally or photochemically generated organosilyl radicals to organic azides is known to produce 1,3-or 3,3-triazenyl species. 20 Our calculations indicated that intramolecular reactions between the thiyl radical and azido group are favorable for substrates 8 0 and 13 0 . The reactions were calculated to be exothermic by 33.6 to 40.6 kcal/mol and to have low energy barriers of 10.4 to 13.5 kcal/ mol ( Table 1 ). The energy barriers were calculated to be about 2 kcal/mol lower for isomers having the R stereochemistry for 8 0 and S for 13 0 at C a of the cysteinyl fragment, but the reaction energies varied within 2-3 kcal/mol. Thus, such ring closure reactions involving a thiyl radical and an azide group in 8 and 13 were calculated to be feasible. The calculations indicate that the reactions occur in two steps. First, the thiyl radical approaches the azide group via 8-and 9-membered transition states for 8 0 and 13 0 , respectively, to form cyclic intermediates followed by molecular nitrogen loss in a second step. The first ring-closure step is rate-determining because it has a higher barrier. The cyclic intermediates are metastable with loss of N 2 calculated to have barriers in the 1.3-5.6 kcal/mol range.
Calculations for substrates 5 0 and 11 0 with 2,3-dimercaptopropanoate at C2 0 and C5 0 , respectively, indicated that the ring-closure reactions involving thiyl radical S b (at C b ) were exothermic (DE ¼ -34.5 to -38.4 kcal/mol) with relatively low energy barriers of 9.1 to 17.8 kcal/mol ( Table 2 ). Fig. 6 shows optimized geometries and relative energies for structures along the reaction path of the ring closure in 5 0 and 11 0 between the C b thiyl radical from the vicinal disulfide and the azide. As in the case of the cysteine-derived thiyl radical, reactions proceed by a two-step mechanism, with ring closures occurring at the first step through 8-and 9-membered transition states for 5 0 and 11 0 followed by N 2 elimination in the second step. The ring closure steps exhibit the highest (rate-controlling) barriers and the cyclic intermediates are likely metastable [except for 11 0 (S at C a ; S b )] with respect to loss of N 2 (1.2-8.2 kcal/mol barriers). The position of the thiyl radical strongly affects the energy barrier for the ring-closure reaction. Thus, with the primary thiyl radical at the b position, closure between the thiyl radical and the azido group was feasible both for S and R diastereomers at C a . The barriers heights for the two diastereomers of 5 0 did not differ significantly, but for 11 0 the closure was clearly favored for S at C a (9.1 kcal/mol) versus that for R at C a (17.8 kcal/mol). Calculated closures involving a secondary thiyl radical S a (at C a ) and the azido group, which required 7-and 8-membered transition states, were prohibitive with a barrier of !43.4 kcal/mol.
We also studied ring closure reactions in model substrates 21 0 and 26 0 in which the carbonyl moiety is replaced by a CH 2 group (Table 2 and Figure S7 in the SI section). There, we considered only transition states for the rate-determining ring closure and the final cyclic products after loss of molecular nitrogen. The results were similar to those described above for 5 0 and 11 0 . The ring-closure barrier in 21 0 was computed to be 11.5 kcal/mol, very close to that for 5 0 (R at C a ), S b , and the overall reaction exothermicity is 41.2 kcal/ mol, 3-4 kcal/mol larger than values calculated for the diastereomers of 5 0 . The ring closure barrier in 26 is w3 kcal/mol higher than that for 11 0 (S at C a ), S b , and the difference in the reaction energies is 1 kcal/mol. Thus, substitution of CH 2 for C¼O does not significantly affect feasibility of the ring closure reaction.
Pereira et al. 14 had performed DFT B3LYP calculations on an analogous intermolecular reaction between a CH 3 S radical and an azide-containing RNR-substrate model. Their Gibbs free energy Figure S4 in SI section shows an intramolecular addition of the thiyl radical with azido group for thymidine-derived substrate 11. 
Conclusion
We synthesized 3 0 -azido-3 0 -deoxy-2 0 -O-(cysteinyl or 2,3-dimercaptopropanoyl or 2,3-dimercaptopropyl)adenosine and 3 0 -azido-3 0 -deoxy-5 0 -O-(cysteinyl or 2,3-dimercaptopropanoyl or 2,3-dimercaptopropyl)thymidine derivatives as model structures for the study of reactions postulated to occur at the active sites of ribonucleotide reductases. Density functional calculations indicated that intramolecular reactions between the derived thiyl radicals and the proximal azido groups should have low energy barriers of 10.4e13.5 kcal/mol and be exothermic by 33.6e41.2 kcal/mol. We used 2,2 0 -azobis-(2-methyl-2-propionamidine) dihydrochloride (AAPH) as an initiator for the production of thiyl radicals in our 3 0 -azido-3 0 -deoxynucleoside derivatives bearing thiol or vicinal dithiol substituents. Such treatment of 3 0 -azido-3 0 -deoxy-5 0 -O-(2,3-dimercaptopropanoyl)thymidine gave 3 0 -amino-3 0 -deoxythymidine hydrochloride, whereas analogous treatment of 3 0 -azido-3 0 -deoxythymidine (AZT, a control substrate lacking a thiol substituent) resulted in isolation of major quantities of unchanged AZT. Subjection of N 2 O-saturated aqueous solutions of AZT and cysteine to g-radiolysis produced 3 0 -amino-3 0 -deoxythymidine and thymine. However, radical abstraction of hydrogen atoms from the sugar moiety of AZT could rationalize the formation of thymine, and ionic reduction of the azide group by hydrosulfide anions generated in situ is the most likely explanation for formation of 3 0 -amino-3 0 -deoxythymine. Our (1) DFT-calculated predictions, (2) results with radical-initiated intramolecular azide reduction with model structures bearing azido and thiol substituents, and (3) the lack of evidence for intermolecular reduction of the azido group in AZT by thiyl radicals generated in radiolysis experiments are in harmony with the enzymatic positioning of azido-containing substrates in close proximity with thiol functionalities that exist in the active sites of ribonucleotide reductases. 
Compound 2a (0.12 g, 0.23 mmol) was added to a stirred solution of 2,3-Sisopropylidene-2,3-dimercaptopropanoic acid (0.08 g, 0.45 mmol), 1-ethyl-3-(3 0 -dimethylaminopropyl)carbodiimide (EDCI; 0.16 mL, 0.14 g, 0.90 mmol), and DMAP (0.084 g, 0.69 mmol) in CH 2 Cl 2 (10 mL) under N 2 atmosphere at 0 C (ice bath). After 4 h, aqueous 5% HCl (30 mL) was added and the resulting mixture was extracted with CH 2 Cl 2 . The combined organic layer was washed with aqueous NaHCO 3 , brine, dried (MgSO 4 ), and evaporated. Purification on silica gel column (EtOAc/hexane, 1:1) gave 3 (110 mg, 69%; 2: ("q", J ¼ 2.7 Hz, 0.67, H2 0 ), 5.97 ("q", J ¼2. 
. HgCl 2 (0.078 g, 0.29 mmol) was added to a stirred solution of 4 (10 mg, 0.022 mmol) in MeCN/H 2 O (3:1, 2 mL) at room temperature. After 3 h, the resulting mixture was concentrated to dryness and the residue solid was washed with water, and dried. Hydrogen sulfide, generated from HCl/NaSH, was bubbled through a capillary into the stirring suspension of the dried residue in MeOH (8 mL). After 30 min, the resulting black solid was filtered, and the filtrate was concentrated. Purification on a silica gel column gave 5 (5 mg, 55%): 
3
0 -Azido-3 0 -deoxy-5 0 -O-(2,3-dimercaptopropanoyl)thymidine (11). HgCl 2 (760 mg, 2.8 mmol) was added in one portion to a stirred solution of 10 (80 mg, 0.187 mmol) in MeCN/H 2 O (3:1, 8 mL) at rt. The resulting white suspension continued to stir for 60 min. until only trace of substrate 10 was detected (TLC). The reaction mixture was decanted, the white solid was washed with water (2x), and dried. Mercury complex was suspended in MeOH (25 mL), and H 2 S was bubbled through the stirring suspension. Almost immediately, white solid was dissolved, and black HgS precipitated. After 30 min reaction mixture was evaporated to dryness, and the black residue was treated with CHCl 3 giving a slurry, which was directly chromatographed (60 / 70 %, EtOAc/ hexane) to give 11 (33.5 mg, 46%; 0.45:0.55 mixture of diasteromers) as an colorless oil: (17) . NaH (20 mg, 0.5 mmol, 60% dispersion in oil) was added to a stirred solution of 2b (100 mg, 0.246 mmol, vacuum dried at 110 C for 3h) in DMF (2.5 mL) at room temperature and after 15 min allyl bromide (64 mL, 90 mg, 0.74 mmol) was added.
After 2 h, volatiles were evaporated and the residue was partitioned (NaHCO 3 (21) . Saturated solution of NaOH in MeOH (2.0 mL) was added to a stirred solution of the crude 20 (30 mg, 0.062 mmol) in MeOH (1.0 mL) at -30 oC under Ar atmosphere. The stirring was continued for 30 min until all starting material was consumed as judged by TLC. The reaction mixture was cooled down to -50 oC, acidified with 1 M HCl and was stirred for an additional 20 min. The resulting mixture was extracted with CH 2 Cl 2 (2x) and the combined organic extract was washed with NaHCO 3 /H 2 O, brine, and was dried (Na 2 SO 4 ) to give 21 (24.5 mg, 99%; 1:1 mixture of diastereomers) as a white foam. (25) . KSAc (0.18 g, 1.58 mmol) was added to a stirred solution of 24 (75 mg, 0.156 mmol) in DMF (5 mL) at ambient temperature under N 2 atmosphere. After 24 h, the volatiles were evaporated and the residue was partitioned between H 2 O and CHCl 3 . The organic layer was concentrated and column chromatographed (EtOAc/hexane, 4:6) to give 25 (55 mg, 75%) as a 1:1 mixture of diastereomers: 
